T elomeres are dynamic complexes of protein and nucleic acid that protect the ends of linear eukaryotic chromosomes (1, 2) . The telomere proteins prevent the chromosome terminus from being recognized as DNA damage. They also regulate access of telomerase, the enzyme that synthesizes telomeric DNA to maintain telomere length (2, 3) . In the ciliate Tetrahymena thermophila, telomeres are bound by a four-protein complex composed of Pot1 (formally Pot1a), Tpt1, Pat1, and Pat2 (4, 5) . The complex binds to the 3= single-strand overhang that is present on the G-rich strand of the telomeric DNA (the G-overhang). Pot1 binds the overhang directly, Tpt1 binds to Pot1, and together, the two proteins stop the overhang from eliciting a DNA damage response and prevent excessive telomere elongation (5, 6) . Pat1 and Pat2 are not needed for telomere protection, but they are required for telomerase to maintain telomere length (4, 5) . The POT1 gene was originally identified as one of two Tetrahymena homologs (POT1 and POT2) of the Oxytricha telomere end binding protein (TEBP) (6) . The POT1 and POT2 genes lie ϳ1.3 kb apart in the macronuclear genome, suggesting that they arose through gene duplication (Fig. 1A) . The encoded proteins have 42% sequence identity with each other and ϳ25% identity to TEBP. Although the role of Pot1 in telomere maintenance and end protection is well established (6) , the function of Pot2 has remained unclear. We now address the role of Pot2 and show that it functions during Tetrahymena genome reorganization but that it is not needed for telomere maintenance during normal vegetative cell growth.
Tetrahymena has an unusual nuclear organization that is generated through genome reorganization during the sexual stage of the life cycle (7) . The cells are binucleated, with a somatic macronucleus that is transcriptionally active during vegetative growth and a germ line micronucleus that is silent, with its chromatin in a heterochromatic state (8) . During sexual reproduction, the old parental macronucleus is destroyed, and a zygotic copy of the micronucleus gives rise to new micronuclei and macronuclei (7, 9) . Formation of the new macronucleus involves a developmental program during which the micronucleus-derived chromosomes are reorganized and matured into a transcriptionally active state. There are two major genomic reorganization events: chromosome breakage with new telomere addition and internal eliminated sequence (IES) excision. Chromosome breakage is the process whereby the five large micronuclear chromosomes are broken into ϳ200 smaller units and telomeric repeats are added de novo to the broken chromosome ends (10) (11) (12) . IES excision involves the removal of nearly one-third of the micronuclear genome by excising segments of DNA and ligating the broken ends back together (13, 14) . Subsequent DNA amplification generates a copy number of ϳ45 for all chromosomes except the ribosomal DNA (rDNA), which is amplified to ϳ9,000 copies (7, 15) .
Chromosome breakage occurs at a well-conserved 15-bp consensus sequence that contains a 10-bp invariant core (16, 17) . There are ϳ200 of these loci, termed chromosome breakage sites (CBSs), in the micronuclear genome (11, 18) . After breakage, telomeres are added to the newly formed ends by the enzyme telomerase (10, 12) . It is not yet known whether telomere addition occurs concurrently with, or shortly after, breakage, and the proteins involved in DNA cleavage and telomerase recruitment remain to be identified. While the rDNA is also processed by this mechanism, after cleavage, two rDNA molecules are ligated to form a palindrome with telomeres on each end (15, 19) .
Unlike chromosome breakage, there is no consensus sequence for IES excision. Instead, the parental macronucleus is used as a template for directing the removal of sequences in the developing macronucleus by an RNA interference (RNAi)-like mechanism (8, 14) . Early in conjugation, the micronucleus is transcribed into long noncoding RNA, which is then processed into small RNAs, termed scan RNAs (scnRNAs), by a Dicer-like protein, Dcl1 (20) (21) (22) . The scnRNAs then "scan" the genome of the parental macronucleus, and if a sequence homologous to a scnRNA is found, the RNA is degraded (23) . The RNAs that were not degraded contain sequences that are absent from the parental macronucleus and thus represent sequences to be targeted for excision from the developing macronucleus. The remaining scnRNAs are transported to the developing macronucleus, where they target homologous sequences for excision by mediating histone methylation to generate trimethylated H3K9 and H3K27 (H3K9Me3 and H3K27Me3) (8, (24) (25) (26) . The H3K9Me3 and H3K27Me3 marks are recognized by the HP1-like protein Pdd1 and by Tpb2, a PiggyBac transposase-like protein (27, 28) . Pdd1 is needed for assembly of the marked IESs into heterochromatin bodies, while Tpb2 carries out the actual DNA cleavage (29, 30) . Pdd1 also has poorly understood roles early in conjugation, when it localizes to both the parental macro-and micronuclei (28, 29) .
Interestingly, gene disruptions in essentially all components of the IES excision pathway examined to date prevent not only IES excision but also chromosome breakage (21-23, 26-28, 31, 32) . PDD1 is a notable exception in that somatic knockout of early expression leaves chromosome breakage unaffected, although cells are unable to complete IES excision (28) . At first sight, the finding that most IES components are required for chromosome breakage suggests that the two DNA processing pathways utilize essentially the same RNAi-based mechanism. However, the requirement for early expression of Pdd1 in order to complete IES excision but not chromosome breakage raises the possibility that chromosome breakage proceeds by a mechanistically different process that can be indirectly affected by the status of the IES excision pathway. For example, disruption of IES excision might trigger a developmental checkpoint that prevents the cell from proceeding with the chromosome breakage program.
Here we show that the telomere protein paralog Pot2 is developmentally regulated, with expression coinciding with chromosome breakage and telomere addition. Moreover, Pot2 localizes to sites of chromosome breakage but not to telomeres or IESs. Thus, Pot2 is the first protein to be specifically associated with chromosome breakage. We also show that CBSs lack H3K9 and H3K27 methylation. This result indicates that IES excision and chromosome breakage must proceed via different mechanisms.
MATERIALS AND METHODS
Growth, mating, and transformation of Tetrahymena. Cells were grown in 1ϫ SPP or 1.5ϫ PPYS medium with 1ϫ antibiotic/antimycotic, as described previously (33) . To obtain growth curves, cells were maintained in log-phase growth (1 ϫ 10 5 to 2 ϫ 10 5 cells/ml). Cell lines with disruption of the macronuclear POT2 gene were generated by using biolistic transformation to introduce a gene replacement construct containing the Neo3 drug selection cassette into the POT2 gene locus of Cu428 and B2086 cells (see Fig. S1A in the supplemental material). The cells were selected with increasing concentrations of paromomycin until all copies of the macronuclear POT2 gene were replaced. Cells were checked at intervals to verify that they retained the full gene replacement. For mating, wild-type Cu428 and B2086 or POT2 knockout cells were starved in 10 mM Tris buffer (pH 7.5) for 18 to 24 h, 1 ϫ 10 5 cells/ml of each mating type were then mixed, and aliquots were taken at the indicated times. The percentage of cells in each stage was assessed by fluorescence microscopy after staining with 0.01% acridine orange. The POT1 and PDD1 macronuclear knockout cell lines were described previously (6, 28) . The PDD1 micronuclear knockout cell line was provided by Douglas Chalker (Washington University, St. Louis, MO).
Telomere analysis. Genomic DNA from wild-type or POT2 macronuclear knockout cells was digested with HindIII and analyzed by Southern blotting using a subtelomeric probe specific to the rDNA (Table 1) , as described previously (34) . Analysis of the G-overhang length was performed as described previously (6) .
RT-PCR. RNA was purified by using the Qiagen RNeasy kit and then treated with DNase. Reverse transcription (RT) was performed by using random hexamers. The cDNA was then diluted and used as a template for PCR.
Generation of Pot2 antibody. Pot2 antibody was made by immunizing rabbits with denatured, full-length Pot2 expressed in Escherichia coli. Antibody was purified on a column made by coupling purified Pot2 to N-hydroxysuccinimide (NHS)-activated Sepharose 4 Fast Flow (GE). Antibody was eluted with Pierce gentle elution buffer before dialysis into 
a subtel, subtelomere; int, internal; EMSA, electrophoretic mobility shift assay; DBD, DNA binding domain.
Tris-buffered saline (TBS) and addition of 0.02% sodium azide and 10% glycerol. Pot1, Pat1, and Tpt1 antibodies were described previously (5, 6). Pdd1 antibody was obtained from Abcam (catalog number ab5339), and H3K27Me3 and H3K9Me3 antibodies were obtained from Millipore (catalog numbers 07-449 and 07-442).
Immunolocalization. Fixation was performed as previously described (35) . A total of 3.0 ml of mating cells was fixed with 10 l of fixative (2:1 dilution of saturated mercuric chloride-95% ethyl alcohol [EtOH]) for 5 min. Cells were pelleted, resuspended in 100% methanol (MeOH), dropped onto slides, and air dried. Slides were blocked with PBT buffer [3% bovine serum albumin (BSA), 0.1% Tween 20, 60 mM piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES), 25 mM HEPES, 10 mM EGTA, and 2 mM MgCl 2 (pH 6.9)] for 1 h and then incubated with a 1:100 dilution of purified Pot2 antibody in PBT buffer (0.35 mg/ml), followed by a 1:500 dilution of Cy2-conjugated goat anti-rabbit secondary antibody. Counterstaining was performed with 0.1 g/ml 4=,6-diamidino-2-phenylindole (DAPI) for 10 min.
Eleven-kilobase PCR. The 11-kb PCR assay was performed by using one primer complementary to the telomeric repeats (F3) and one internal primer that hybridized within the 17S RNA coding sequence (R3c) ( Table  1) . PCR was performed by using a 5Prime PCR extender kit, and the conditions were as follows: 10 pmol R3c, 10 pmol F3, 160 ng of genomic DNA, 2 l 10ϫ PCR extender buffer, 0.4 l 10 mM deoxynucleoside triphosphates (dNTPs), and 0.3 l enzyme mix with a program of 94°C for 2 min; 40 cycles of 94°C for 20 s, 50°C for 20 s, and 72°C for 2 min; and then 72°C for 5 min.
Chromatin immunoprecipitation (ChIP). Cells were washed with 10 mM Tris (pH 7.5) and fixed with formaldehyde, the DNA was sheared by sonication, and the soluble fraction was prepared as previously described (6) . Fifty microliters of soluble chromatin, at 5 ϫ 10 6 cells/ml, was used per immunoprecipitation in 1 ml of lysis buffer (150 mM NaCl, 25 mM Tris [pH 7.5], 5 mM EDTA [pH 8.0], 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, and 1ϫ protease inhibitor cocktail). Samples were incubated with antibody overnight with rotation at 4°C, protein A beads were added for Ն2 h, and the beads were processed as described previously (4) . Briefly, a sample of input chromatin was collected for DNA isolation. DNA was purified by boiling the beads with 50 l of a 10% Chelex slurry in water (Chelex 100; Bio-Rad) (36) . The samples were treated with proteinase K (100 g/ml) for 30 min at 55°C and then boiled again for 10 min. The supernatant was collected, the beads were reextracted with 50 l double-distilled water (ddH 2 O), and supernatants were pooled. The supernatant was used directly as a template for real-time quantitative PCR. PCR was performed by using SYBR Advantage qPCR Premix from Clontech Laboratories, Inc. The conditions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 55°C for 20 s, and 72°C for 30 s. The primers are shown in Table 1 .
Protein isolation and DNA binding analysis. Full-length tandem affinity purification-tagged Pot1 was purified from insect cells by using IgG beads, and the tag was removed by tobacco etch virus (TEV) cleavage. Maltose binding protein (MBP)-tagged Pot2 was purified from insect cells on amylose resin. MBP-tagged Pot1 and Pot2 N-terminal domains (amino acids [aa] 1 to 287 for Pot1 and aa 1 to 270 for Pot2) were expressed in E. coli and purified on amylose resin. The truncation site was based on modeling of structural homology to the Oxytricha TEBP DNA binding domain using Phyre2 and included both predicted oligonucleotide/oligosaccharide binding (OB) folds. For DNA binding studies, oligonucleotides (Table 1) were 5=-end labeled with [␥-32 P]ATP, and duplexes were formed by heating and slow cooling. The 15-l binding reaction mixtures contained 25 to 200 ng of purified protein and 4 fmol labeled oligonucleotide in a solution containing 40 mM Tris (pH 7.5), 125 mM NaCl, 5% glycerol, 1 mM dithiothreitol (DTT), and 0.25% NP-40. After 30 min of incubation at room temperature, binding reaction mixtures were separated in 5% nondenaturing acrylamide gels made with 1ϫ Trisborate-EDTA (TBE) and 2.5% glycerol. Gels were run with 0.5ϫ TBE at 130 V and analyzed by phosphorimaging.
Nucleotide sequence accession numbers. The GenBank accession numbers for new sequences are KM406495 for POT1, KM406494 for POT2, KM406496 for PAT1, and KM406497 for TPT1.
RESULTS

POT2 is unnecessary for macronuclear telomere maintenance.
To gain more insight into the function of Pot2, we disrupted the macronuclear POT2 gene by replacing the endogenous gene locus with a neomycin resistance cassette (see Fig. S1A in the supplemental material). Southern blot analysis confirmed full gene replacement, indicating that POT2 is not essential (see Fig. S1B in the supplemental material). The knockout cells exhibited normal cytology (data not shown), and the growth rate was unaffected (Fig. 1B) . Thus, unlike Pot1, which is essential, Pot2 is not needed for growth of vegetative cells.
Since Pot1 is required for several aspects of macronuclear telomere maintenance, we asked if Pot2 also has telomeric functions. To determine the effect of Pot2 loss on telomere length, we used Southern blot analysis to compare the sizes of the rDNA telomeric restriction fragments from wild-type and POT2 knockout cells. Unlike Pot1 depletion, which causes rapid telomere elongation (6), the loss of Pot2 had no effect on telomere length (Fig. 1C) . As Pot1 depletion also caused an increase in G-overhang length and a change in the 3=-terminal nucleotide, we next asked whether Pot2 loss affects G-overhang structure. This was achieved by using a previously described procedure for oligonucleotide ligation and primer extension (Fig. 1D) (33) . An adaptor complex composed of a unique sequence DNA duplex with a 5-nucleotide (nt) extension of a C-strand telomeric repeat was hybridized and then ligated to the G-overhangs on telomeric DNA isolated from wildtype or POT2 knockout cells. The oligonucleotide with the C-strand extension (the guide oligonucleotide) was then primer extended with T4 DNA polymerase to the junction with the telomere duplex DNA, and the reaction products were visualized by gel electrophoresis. In initial experiments, we monitored the ligation of a series of adaptor complexes harboring guide oligonucleotides with different permutations of the C-strand telomeric repeat. Only guide oligonucleotides with a 3=-CCCA extension allowed ligation of the adaptor complex to the telomere (data not shown), indicating that the overhang terminated with the sequence 5=-G 4 T and hence was unchanged by the loss of Pot2 (33) . When we performed the primer extension reaction and visualized the reaction products, we found that the pattern of products obtained with DNA from wild-type and POT2 knockout cells was essentially the same. Most products corresponded to overhangs of 14 or 20 nucleotides, indicating that overhang length was unaffected by Pot2 loss (Fig. 1E) . As expected, DNA from POT1 knockout cells gave rise to longer primer extension products, indicating G-overhang elongation (6, 33) . Overall, our results indicate that Pot2 is not needed for length regulation or correct G-overhang processing at macronuclear telomeres.
Pot2 is expressed during macronuclear development at the time of new telomere synthesis. Since Pot2 is not needed for telomere maintenance in vegetative cells, a likely alternative role would be in the synthesis of new telomeres or one of the other processing events that take place when cells mate ( Fig. 2A) . To determine if Pot2 expression is developmentally regulated, we isolated RNA from conjugating cells and used RT-PCR to examine transcript abundance for both POT2 and POT1 throughout the mating process. Wild-type cells of opposite mating types were starved for 24 h and mixed to initiate mating, and RNA was isolated at 2-h intervals until 18 h postmixing. RNA was isolated again at 24 h, the mated cells were then fed so that they could resume vegetative growth, and RNA was isolated 2 h later at 26 h. RNA was also collected from vegetatively growing and starved cells. The RT-PCR analysis revealed that POT2 is expressed during macronuclear development and that the expression pattern is quite different from that of POT1 (Fig. 2B) .
POT1 mRNA was detected in actively dividing vegetative cells but not in starved cells. It was then upregulated ϳ2 h after the initiation of mating and remained abundant until 6 h. This timing of expression spans the prezygotic meiotic and mitotic divisions. POT1 mRNA abundance then diminished as conjugation proceeded until 14 h, when slight upregulation occurred to coincide with DNA amplification from 4N to 8N after anlagen II (31, 37, 38) . POT1 mRNA also accumulated after refeeding, which coincides with the final rounds of DNA amplification in the new macronucleus (37, 38) .
In contrast to POT1, POT2 mRNA was undetectable or of very low abundance in vegetative cells and during early time points after the initiation of mating (Fig. 2B) . The transcript was first detected at the10-h time point, which corresponded to the anlagen II stage ( Fig. 2A) , when cells start the process of macronuclear development. Transcript levels remained elevated until 14 h, by which time most cells were separated. This pattern of expression overlaps that seen for proteins involved in late stages of IES excision (28, 39, 40) . Since, chromosome breakage is also thought to occur around this time, our observations suggested that Pot2 may have a role in either IES excision or chromosome breakage. An additional increase in the POT2 expression level was observed at the 24-h time point. The reason for the increase is unclear, as chromosome processing and conjugation events should be complete by this time (Fig. 2A) .
To determine if the timing of POT2 transcription coincides with the onset of chromosome breakage, we used PCR to detect the 11-kb rDNA (see Fig. S2A and S2C in the supplemental material) (32) . The 11-kb molecule is a by-product of rDNA processing that is seen only in conjugating cells following chromosome breakage and new telomere addition. It is an excellent marker for these events because the product gradually disappears from progeny cells after 11 population doublings, meaning that it is absent from the parental cells used for mating (41) . When we performed the PCR assay with DNA isolated from the same batches of mated cells used for the transcript analysis (Fig. 2B) , the first time point at which the 11-kb rDNA product could be detected was 12 h after initiation of mating (Fig. 2C) . At this time point, the cells were leaving the anlagen II stage of development, and the pairs were beginning to separate. More 11-kb rDNA product was detected at 14 h, by which time most cells had separated ( Fig. 2A) , and its level increased further by 24 h. The initial appearance of the 11-kb rDNA product at 12 to 14 h indicates that chromosome breakage and new telomere synthesis occur around the time of cell separation and that POT2 transcription starts earlier.
To further explore the link between Pot2 expression and chromosome processing, we examined the distribution of Pot2 protein in mated cells. Antibodies to Pot2 were raised for this purpose and used to perform immunolocalization studies with mated and unmated cells ( Fig. 2D ; see also Fig. S2B in the supplemental material). As expected from the transcript analysis, no Pot2 was observed in unmated cells, and it remained absent during the early stages of conjugation. The protein was first detected at the anlagen II stage, when it localized to the developing macronucleus. It was not present in the micronuclei or the old macronucleus. One antibody gave some staining of the oral apparatus, but this was not observed with a second antibody (see Fig. S2C in the supplemental material) and hence was nonspecific. Thus, the timing of Pot2 expression and localization to the developing macronucleus is consistent with a role in IES excision or chromosome breakage and new telomere synthesis.
Pot2 localizes to sites of chromosome breakage. If Pot2 is involved in IES excision or chromosome breakage, it is likely to associate with IESs or CBSs. To test for this, we performed ChIP with cells harvested at various stages in macronuclear development ( Fig. 3 ; see also Fig. S3A in the supplemental material) . Mated wild-type cells were harvested at different time points, and portions of the culture were used to monitor progression through macronuclear development and the timing of chromosome breakage (Fig. 3A) . The remaining cells were cross-linked with formaldehyde, and the chromatin was sheared and precipitated with antibody to Pot2. Precipitations were also performed with antibody to Pot1 or Pdd1 as a positive control for telomere or IES association. The precipitated DNA was purified and analyzed by real-time PCR. Primer sets were designed to monitor associations with two different CBSs, an IES, the rDNA telomere, and an internal rDNA control sequence. As expected, ChIP with Pot1 antibody consistently enriched for the rDNA telomere (Fig. 3C) , while Pdd1 antibody was enriched for the IES (Fig. 3D) . However, the Pot2 antibody enriched for the CBSs but not the telomere or the IES (Fig. 3B) . CBS enrichment was apparent by 8 h, and it peaked between 10 and 12 h and then declined at 14 h. When we used the 11-kb PCR assay to monitor the timing of chromosome breakage, we found that this occurred slightly later than the Pot2 association with the CBSs (Fig. 3A) . The 11-kb rDNA was first detected at 10 to 12 h, and it became much more abundant by 14 h. These results indicate that Pot2 binds directly or indirectly at regions of chromosome breakage prior to CBS cleavage but that it does not localize to telomeres or IESs.
We attempted to confirm the above-described ChIP data using hemagglutinin (HA) antibody and cells expressing HA-tagged Pot2. The cells had the endogenous macronuclear POT2 gene replaced with a sequence encoding N-or C-terminally tagged Pot2. However, when these cells were used for ChIP, we obtained inconsistent results (data not shown). Since the timing of Pot2 expression coincides with the start of mRNA production in the develop- ing macronucleus (see Fig. S3B in the supplemental material), the problem may have been that the tagged protein encoded by the parental macronucleus was replaced by wild-type Pot2 expressed from the developing macronucleus. A similar phenomenon would explain the lack of a phenotype seen after mating POT2 macronuclear knockout cells (data not shown). We attempted to directly test the role of Pot2 in chromosome breakage by generating cell lines with combined micro-and macronuclear gene disruptions, but the micronuclear POT2 gene locus was refractory to disruption.
Pot2 does not bind directly to CBSs or telomeric DNA in vitro. Since Pot2 localizes to CBSs, we next asked whether it can bind directly to the CBS consensus sequence or to other DNA sequences. MBP-tagged Pot2 was expressed in insect cells by using baculovirus, purified on amylose resin (see Fig. S4B in the supplemental material), and tested for DNA binding specificity by using gel shift assays. Purified Pot1 was used as a positive control for telomeric DNA binding (see Fig. S4B in the supplemental material). As Pot2 is predicted to contain several OB folds (Fig. 1A) , and these motifs primarily bind single-stranded nucleic acid (42), we tested for binding to both an oligonucleotide duplex corresponding to the CBS consensus sequence and the individual oligonucleotides corresponding to the two strands of this sequence. However, no binding was observed (Fig. 4A) . We also tested for binding to telomeric G-strand DNA but detected only binding by a contaminating protein in the Pot2 preparation ( Fig. 4B ; see also Fig. S4D in the supplemental material) . As expected, Pot1 bound the telomeric G-strand DNA with high affinity.
Although an N-terminal tag does not prevent Pot1 from associating with telomeres (6), we were concerned that that the MBP tag might disrupt Pot2 binding. It was not possible to perform binding assays with untagged full-length Pot2 because the protein became insoluble when the tag was removed. Since the isolated DNA binding domains of POT (protection of telomeres) family members are generally soluble and bind DNA with high affinity (43, 44) , we sought to avoid potential problems due to the MBP tag by expressing C-terminal truncations of Pot1 and Pot2 that contained the predicted OB-fold domain. These putative DNA binding domains were quite soluble, and the Pot1 truncation bound telomeric G-strand DNA as expected, indicating correct protein folding. However, the Pot2 truncation failed to bind any single or double-stranded telomeric or CBS substrate tested (see Fig. S4A in the supplemental material) . While we cannot rule out a problem due to incorrect folding of the isolated domain, our results suggest that Pot2 does not bind directly to the CBS consensus sequence. Thus, the association of Pot2 with CBSs may be via an unknown binding partner. Alternatively, binding may occur only in the context of a nucleosome. The inability of Pot2 to bind telomeric DNA fits with the lack of telomere localization seen in the ChIP analysis, again indicating that Pot2 is not a canonical telomere binding protein.
POT2 associates with CBSs without Pat1 or Tpt1. At the telomere, Pot1 functions in combination with Tpt1, Pat1, and Pat2. Since Pot1 and Pot2 have significant sequence identity and a similar domain structure, we wished to know whether Pot2 also functions in association with these proteins. Initially, we examined the mRNA expression profiles of two other components of the telomeric G-overhang binding complex: the Pot1 binding partner Tpt1 and Pat1, which binds to Tpt1. As before, RNA was isolated from mated cells at various time points during conjugation and macronuclear development. RT-PCR analysis indicated that Pat1 and Tpt1 were both expressed in vegetative cells, as expected. They were also expressed during macronuclear development, but their patterns of up-and downregulation were less distinct than that of Pot1 or Pot2 (Fig. 5A) . Overall, the profiles were more similar to that of Pot1, as both Pat1 and Tpt1 were present during the early stages of conjugation and at 26 h after refeeding.
We next used ChIP to examine the association of Tpt1 and Pat1 with CBSs, IESs, and telomeres. ChIP was performed with mated wild-type cells and Tpt1 or Pat1 antibody (5). The chromatin was from the same mating experiments as those shown in Fig. 3 . Our analysis revealed that the Tpt1 and Pat1 antibodies both enriched for telomeric DNA but not for CBS or IES DNA (Fig. 5B) . In each case, the overall ChIP profile was similar to that observed with antibody to Pot1. We therefore conclude that Pat1 and Tpt1 do not associate with Pot2 at CBSs and that the binding partners of Pot2 are different from those of Pot1.
CBSs lack H3K27Me3 and H3K9Me3. Our finding that Pot2 localizes to CBSs but not IESs indicates that there are likely to be mechanistic differences between the processes of chromosome breakage and IES excision. This conclusion is supported by our observation that Pdd1 localizes to IESs but not CBSs (Fig. 3D) and a report that this is also true for the Pdd1 interaction partner Pdd3 (39) . To further explore possible mechanistic differences between the two DNA processing pathways, we used ChIP to determine if the heterochromatin marks H3K9Me3 and H3K27Me3 accumulate at or near CBSs prior to chromosome breakage. The generation of these histone modifications is an obligatory step in the scnRNA-mediated IES excision pathway because they are recognized by proteins needed for the DNA cleavage reaction (Pdd1 and Tpb2) (9, 26, 29, 30, 45) . Thus, their absence from CBSs would indicate a major difference between the IES and chromosome breakage pathways. To test for histone methylation at CBSs, we performed ChIP (Fig. 6A and B) using an antibody to trimethylated H3K9 or H3K27 and chromatin from the mating time courses described above. Analysis of the precipitated DNA confirmed previous studies indicating that H3K9Me3 and H3K27Me3 accumulate at IESs, with H3K27 methylation peaking slightly before H3K9 methylation (26, 46) . Interestingly, only low levels of CBS DNA were precipitated by the trimethylated H3K9 or H3K27 antibody, and there was no significant enrichment of CBS DNA relative to the control rDNA sequence. Thus, the nucleosomes at or near CBSs do not accumulate H3K9Me3 and H3K27Me3 marks during the course of macronuclear development. We therefore conclude that the mechanisms of chromosome breakage and IES excision must be quite different.
Given this mechanistic difference, it is interesting that disruption of IES excision can also impair chromosome breakage. The one exception in the literature is the macronuclear knockout of PDD1, which leaves chromosome breakage intact (28) . Since the macronuclear knockout disrupts only early Pdd1 expression, we revisited this observation using cells with full macronuclear and micronuclear gene disruption to prevent both early and late Pdd1 expression. Chromosome breakage was monitored with the 11-kb rDNA assay by using DNA isolated from mated cells. Consistent with previously reported data, disruption of early Pdd1 expression had no effect on the timing or the amount of 11-kb PCR product that was generated (see Fig. S3C , left, in the supplemental material). However, disruption of early and late Pdd1 expression not only delayed the occurrence of chromosome breakage but also decreased the overall amount of 11-kb PCR product (see Fig. S3C , right, in the supplemental material). Thus, it appears that impaired chromosome breakage is a general, but most likely indirect, outcome of impaired IES excision.
DISCUSSION
Here we describe a new member of the POT (protection of telomere) protein family, Tetrahymena Pot2, which functions outside the established telomere maintenance pathway. Although Pot2 resembles Pot1 in sequence and predicted protein structure, Pot2 is unable to bind telomeric DNA, does not localize to telomeres, and is not needed for telomere length regulation or other aspects of macronuclear telomere maintenance. Instead, Pot2 is expressed during the sexual stage of the Tetrahymena life cycle, when it accumulates in the developing macronucleus slightly before the onset of chromosome breakage and new telomere synthesis. ChIP studies revealed that Pot2 localizes to CBSs, the sequences that mark the site of chromosome breakage, but not to IESs. Thus, Pot2 is the first protein in Tetrahymena to be specifically linked to the process of chromosome breakage and new telomere synthesis. Although Pot1 and its binding partners Tpt1 and Pat1 localize to telomeres in mated cells, we did not detect them at CBSs. This means that Pot2 must function at CBSs in conjunction with novel interaction partners, and since Pot2 does not appear to bind directly to the CBS consensus sequence, these proteins may direct Pot2 to the CBS. Taken together, our results indicate that Pot2 has evolved a role independent of the telomere protection and maintenance functions normally associated with the POT family of proteins.
The functional evolution of POT proteins is not without precedence. Mouse has two Pot proteins, Pot1a and Pot1b, with 72% sequence identity. Both proteins participate in telomere end protection, but they show only partial functional overlap, as the primary role of Pot1a is to inhibit DNA damage signaling, while Pot1b prevents telomeric C-strand resection (47, 48) . Arabidopsis has three Pot proteins, Pot1a, Pot1b, and Pot1c, which exhibit a greater degree of functional divergence. Pot1b and Pot1c both appear to participate in telomere end protection, but Pot1a is necessary for telomerase action (49-51). Pot1a does not bind telomeric DNA but instead is a component of the telomerase holoenzyme (49, 52) .
We attempted to determine the role of Tetrahymena Pot2 during macronuclear development through POT2 gene disruption, but we were able to disrupt only the macronuclear gene, and this did not give rise to a phenotype. The lack of a phenotype most likely reflected rescuing Pot2 expression from the micronucleusderived gene during macronuclear development. Nonetheless, our finding that Pot2 localizes to CBSs but apparently does not bind either telomeric DNA or the CBS consensus sequence suggests several novel functions for this member of the POT protein family. One possibility is that Pot2 interacts with telomerase in a manner akin to Arabidopsis Pot1a to direct the addition of telomeric repeats at the site of chromosome breakage (see model in Fig. 6C ). Some form of telomerase recruitment factor is likely to be necessary because the broken ends lack sequence complementary to the telomerase RNA template (16, 17) and hence are not good substrates to seed new telomere addition (12) . Thus far, we have been unable to detect an interaction between Pot2 and telomerase by precipitating Pot2 and assaying the precipitate for telomerase activity. However, this negative result could be explained if the interaction is transient, occurs only on chromatin, or involves only a small fraction of the telomerase present in mated cells. An alternative but not mutually exclusive role for Pot2 might be to recruit the machinery responsible for the DNA cleavage reaction. Cleavage at the CBS must be tightly regulated to prevent inappropriate chromosome breakage in the micronucleus and to ensure rapid telomere addition to the newly broken ends in the developing macronucleus. A delay in telomere addition would allow the broken ends to be recognized as DNA damage and resected by nuclease, leading to the loss of adjacent coding sequence (32, 40) . Pot2 does not appear to contain an endonuclease domain, so it is unlikely to carry out the DNA cleavage reaction. However, by associating simultaneously with a CBS recognition factor and telomerase, Pot2 would be well positioned to coordinate DNA cleavage with new telomere addition (Fig. 6C) .
Our finding that Pot2 associates with CBSs but not IESs, while the converse is true for Pdd1, prompted us to look more closely for differences between the chromosome breakage and IES excision pathways. The discovery that CBSs lack trimethylated H3K9 and H3K27 indicates a fundamental mechanistic difference in the two chromosome processing pathways. The generation of H3K9Me3 and H3K27Me3 marks at IESs is the culmination of the RNAibased scanning process to delineate IESs from the surrounding sequence destined for the macronucleus (8, 25, 26, 46) . Moreover, these marks are required for the subsequent cleavage reaction because they are recognized by Pdd1 and the transposase-like protein Tpb2 (14, 27, 29) . Thus, the lack of H3K9Me3 and H3K27Me3 on CBSs means that chromosome breakage is unlikely to be driven by scnRNA-mediated heterochromatin formation. Given that CBSs contain a well-conserved consensus sequence, they are likely to be marked for cleavage by a protein that directly recognizes this sequence. As the ultimate fate of IESs and CBSs is quite different (DNA elimination and religation versus cleavage with telomere addition), it is logical that the cell would mark the two regions differently.
It remains to be seen whether any components of the IES excision pathway are used in chromosome breakage. While Tpb2 is a candidate to cleave the DNA at CBSs (27) , a transposase-like protein may be an inappropriate choice, as there is no subsequent ligation reaction. It is still unclear why disruption of IES excision should also prevent or greatly reduce chromosome breakage. However, cells that are unable to carry out IES excision exhibit a disruption in their developmental program, as they arrest with two micronuclei and two macronuclei, rather than one micronucleus and two macronuclei, and they are unable to resume growth upon refeeding (21-23, 25, 26, 53) . Thus, disruption of IES excision may lead to a developmental checkpoint that also prevents chromosome breakage.
In summary, our finding that Pot2 localizes to CBSs but not to telomeres reveals a novel function for a telomere protein homolog. While further studies are required to delineate the precise role of Pot2 in chromosome breakage, the current analysis of Pot2 has uncovered a clear functional separation between the two chromosome processing events associated with Tetrahymena macronuclear development. This study also provides hints of a broader developmental checkpoint as the explanation for much of the apparent overlap between chromosome breakage and IES excision pathways. Overall, this work begins to unravel the functional evolution of telomere proteins in Tetrahymena and starts to differentiate the process of chromosome breakage from its better-understood counterpart IES excision.
